owerful tools for identifying reaction intermediates and byproducts of chemical reactions are crucial for the development of high-yield chemical syntheses, not only for testing theoretical mechanistic models and calculations, but also to obtain improved understanding of reaction mechanisms during trial experiments. This will enable more efficient steering toward optimum yields for a variety of practical synthetic applications. With more demanding challenges regarding synthetic yields, for example for the production of larger and more sophisticated pharmaceuticals, efficient analytical tools become increasingly more important. NMR is one of the most powerful techniques for studying reaction mechanisms in organic reactions, but mass spectrometric tests on the reaction mixture can often be a good complement to time-consuming NMR experiments. The incorporation of a highresolution mass spectrometry technique and the use of a custom-made desorption electrospray ionization (DESI) source as reported by Zare and others (1, 2) offer a remarkably increased ability to identify ions directly, because they are formed in a liquid-phase chemical reaction.
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In PNAS, Perry et al. (3) study the ions formed when a solution of aminoindanol 2 in methanol (with or without potassium hydroxide) was sprayed onto a surface, by a DESI source, containing a deposited transfer hydrogenation precatalyst 1 ([RuCl 2 (p-cymene)] 2 . The reaction starts when the droplets of spray containing 2 hit 1 on a paper surface. Because the surface is close to the mass spectrometer inlet (0.5 cm), the reaction proceeds only for a few milliseconds as the secondary microdroplets travel through the mass spectrometer inlet before formation of gas-phase ions takes place (Fig. 1) . The combined strength of early detection and high-resolution MS obviously provides a remarkable richness of intermediates detected for the trial reactions chosen by the Zare group and indicates that these are surprisingly complex when it comes to details. The use of a high-resolution Orbitrap (4-6) mass spectrometer increased the accuracy compared with the quadrupole ion trap mass spectrometer used previously (1) and led to identification of unique ion species not seen with the quadrupole technique. Besides confirming the mechanism and intermediates of the reaction previously studied (7-13), unique complexes were also discovered, indicating unique reaction pathways leading to methyl formate in the absence of a reduction substrate (3). Another finding was a complex consisting of an oxidized species of the ruthenium complex, which was absent when the methanol was bubbled with argon before the experiment. This result demonstrates the importance of removing adventitious O 2 from the reaction components, particularly the solvent, to obtain high yield in a chemical reaction and not "poison the catalyst" when a sensitive and reactive catalyst system is used.
Mass spectrometry does not provide any 3D structure information but only the composition expressed as formula weights of reaction species. Consequently, careful consideration of all plausible structures that can arise from a given formula is required for a successful interpretation of the experimental data. We envision that the simple approach demonstrated in the article by Perry et al. (3) can be applied to studies of many other interesting reactions in which active catalytic species of precatalysts are important issues. In particular, the approach should be very useful when applied to reactions for which the reaction mechanisms are not known or for which the active components have not yet been determined. We predict that in the near future this technique will become one of the major routine tools used in the laboratory for studying chemical reactions and intermediates, owing to its simplicity and the potential to apply it under a large variety of conditions, such as varied reaction temperature, and reaction mixing times or harvesting times. In addition, the effects of varying diffusion conditions, dielectric and electrostatic properties, etc., could be systematically studied by varying viscosity, phase composition, electrolyte medium, etc.
Whereas most reaction mechanistic studies are made according to a minimalistic approach, not considering side-tracks that are not important for the main reaction model, an analytic technique that allows the species distribution and reaction details to be revealed at high resolution is attractive because it gives a richer picture of the total reaction scheme and thereby a picture of the total free-energy landscape of the reaction system. It is not unusual in kinetic studies that, as concentration dependence is studied in more detail, observations appear in conflict with initially assumed reaction mechanisms, which of course confuses. This is almost always because one or several parallel reaction paths have been ignored, thus emphasizing the need for a complete map of the speciation of the system, including temporal resolution. ).
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The method of droplet mixing presented by the Zare group could probably be elaborated on and further developed along the lines of crossed molecular beam spectroscopy, the latter having had decisive importance for the development of fundamental reaction theories, such as the unimolecular reaction theory. A corresponding "crossed droplet beam" reactor could be envisaged connected to a high-resolution mass spectrometer, for the study of reaction cascades in liquid media. As in the early flow reactors, preceding the stopped-flow technique, in which chemical reactions were probed at different times after mixing by varying the probing distance along the outlet tube, it could be possible to vary the time of flight after the mixing point of the colliding droplets. This is an exciting thought: not only would the initial intermediates then be possible to assess, but one might also determine a complete map of distribution of reaction species. Mass continuity equations for flow and chemical conversion could probably effectively assist in the multivariate analysis of such a "chemical reactomics. " Other cases in which detailed information about "leak reactions" would be valuable to have include the assembly reactions for supramolecular nonperiodic structures, for example, based on sequence cDNA building blocks (14, 15) . Because of the hierarchic nature of such systems, involving many subsequent hybridization steps, a near 100% stepwise yield is not enough unless some fixation technique to permanently stabilize the structures may be introduced, as has been shown by Lundberg et al. (16) .
In conclusion, as chemical investigations become ever more complex, like the study of the chemistry of the cell, with large supramolecular structures or large reaction networks, the need for observing and understanding the spectrum of chemical species and their evolution, spatially as well as temporally, will require tools of the kind demonstrated here.
